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1− β cos θ1 + β cos θ2 − β2 cos θ1 cos θ2






























ª¡£¢#ﬃﬂ;#Nﬂ6'.¤ mc ﬀﬁﬃﬂ mc "ﬀﬀ¥






























 θ1 = pi
@õho2bïqCop`òíîxysóo2sóW8o2nctu`xyncVcgqCop[\o2`a`o@ö [2]VcopW=ncxyW0^)Ko
tC^)sCVø`opﬂﬁ2/o!Vco2sCVïqCop`oÄsgq0^)Koõh`_^W=`aqCV
ncxVcVcoW8o2nXbcoÄ[\xynXnco\VXW8xysCtC^)sb^)q+ýú[z}Cxg[\Vï^)nXnX]2nco\VZ θ1 = 0
@û
ü


















































o2s β õh[\oÄq=]#y^)q=b7[\oÄW=ncx4[\o\VcVXqCV `oÄsCxy t=oÄ/Y\[^)s=]VX/o!t=oW4Co2nX7]Rt+qrVco\[\xysCtrxynct+ncoûC<Sbõ0Ví ]a`



















































1 + beta + 1/3β2






ßøsxyw=bX]o2sgbø[\o2bXbcoðjxy]VPq=su^)]aso2s β õ0t¥íîxC u`osCxy t¥í ^y[\[\Y2`Y2nz^)bX]xysÖt+qW=nco27]o2nøxynct+ncoû
vm^W=nX]asC[2]aW0^)`o/t+]%$[2q=`abcYt+q°/Y\[^)s=]VX/oÒt=o7Vco\[\xysCtxynct+nco7o\VXbÄgqIí ]a`SsIíîo\VXb|W0^yV
^yVcVco/o$[^y[\o^)]as
















q=su`a]aw=nco|W0^)nc[\xyq=ncV /x~Ko2s L ∼ 1 W8[|o2b β = 10−4 õ=o2b;W8xyq=n;q=sCo|W0^)nXbX][2q=`o
t¥íîY2sCo2nX]o|]as=]abX]_^)`opt=o § >mo;Iõ




















































«n§,ﬂ;#Lﬁﬃ$#L)*)* ¨nﬂ644;#ﬃ-0&© (ﬂ6ªﬀ'ﬃ"-ª 'ﬃ(ﬀ"ﬀﬀﬂ6_a'.)e#Lﬂ'ﬃﬂ6)*
2'ﬃ#ﬃ.-"ﬀª4
'."ﬀOﬃ'.ﬂ63#ﬃ4$#N«
















































o2b;W8xyq=n k o2b β ù=ý+Y\Võ=xysrWZo2q=bnco2W=ncY\Vzo2sbco2nï`oÄ[c}0^)7Wr^)sCY2bX]qCo
sCY\[\o\VcVz^)]ancoõCo2suð xysC[2bX]xysót=o|`_^bz^)]a`a`o





































`òíîo@ý+]VXbco2sC[\o7t=o7[\o\VW0^)nXbX][2q=`o\VôñqCVcgqIí¯Òt=o\VpY2sCo2nX]o\VÄt=o`òíîxynct+nco7t=o 1015 o;Iû" `o\VXbÄ^)]asCVX]KY2sCY2nz^)`o2/o2sgb

























































































































































pﬀﬁﬃﬂi "T_a'ﬃ( T ﬂ6Q2"(-n<'.-)*'ﬃ4'ﬃﬁ.ﬂ/+"ﬀ.0
`o2q=nø[z}Co27]asro\VXbøo2sncY^)`a]abcYpVzo2/YÄt¥íîo2pw=qC[z}Co\Vû8vIo|7]a`a]o2q]asgbco2ncVXbco2`a`_^)]ancoo\VXb o2so ¥o2b;nco27W=`a]¦t=oÄ^,KõCt=o
W8xyqCVcVX]2nco\Võyt=oW0^)nXbX][2q=`o\Võ^)]asCVX]=gqCoPt=o[z}0^)7WCV^)sCY2bX]gqCo\VVXqCVc[\o2W=bX]aw=`o\Vt¥í ]asgbco2nz^)]anG^Ko\[;sCxVRnz^\~KxysCV





















^)sCVû" `8o\VXbG}Cxy/xyu2sCo 10−5 W=n	\VÁõgo2bPVz^pbco27WZY2nz^)bXq=ncoYKxy`aqCo|^Ko\[ï`oønco\t=VX}=]÷ðb[\xy7/o
(1 + z) û
@
o!ﬂﬁ2/oõ¥Vz^t=o2sCVX]abcY/^)q=/o2sbco/[\xy7/o (1 + z)3 o2bÄVÐ^t=o2sCVX]abcY7Y2sCo2nXKY2bX]gqCo7bcxybz^)`o7[\xy7/o












`_^!W=`aqCV ]a7WZxynXbz^)sgbcopVcxysgb t=o`òíîxynct+ncoÄt+q µm û

ve^PncY\Y27]VcVX]xys!t¥í ]as+ðnz^)ncxyq=KoW0^)nm`_^PW8xyqCVcVX]2ncoRð ncxy]t=oSt=o\Vm^)`_^ﬀý4]o\VûÁvIo\VI`xys=qCo2q=ncV¦t¥íîxysCt=oG^yVcVzxg[2]Y\o\V




































W0^)]anco\V γγCMB → e−e+e−e+ |W=nco2sCt+ncoøo2sÒ[\xy7W=bcoï^)q+ý/W=`aqCVS}0^)q=bco\VY2sCo2nX]o\VKj^)q+ö t=o2`[
t=o 1020 oFI@û" `
ðò^)q=bmsCxybco2nRqCo`_^W=ncx4t+qC[2bX]xys!t=oW0^)]anco\VR^0Ko\[Gt=o\VeW=}CxybcxysCV¦t=oSW=`aqCV¦}0^)q=bcoY2sCo2nX]oò" =HIo\VXbmnco\VXW8xysCVz^)w=`o



















" `RVí ^)]abt+qÖW=ncxg[\o\VcVcqCV pγ → pe+e− õZtC^)sCV`o\qCo2`¦q=sÖW=ncxybcxysÖt=o!q=`abXnz^ﬀö
}0^)q=bcoÄY2sCo2nX]o
Vco2nXb;t=o|[^)bz^)`a~4Vzo2q=n`_^!bXnz^)sCVñðjxynX^)bX]xysrt¥í q=suW=}Cxybcxysrt=o|w0^yVcVco|Y2sCo2nX]oÄo2sW0^)]anco e+e− û








































vSí ]asgbco2nz^y[2bX]xysÆ`a]Y\oNú[\o2bÄo 8o2bpo\Vcb|`_^W=}CxybcxyW=ncxgt+qC[2bX]xys t=o7W=]xysCVõ¥gq=]SVíîY\[2nX]ab Nγ → N ′ + npi õ8xC 
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õC^0Ko\[ mpi0
`_^!^yVcVzo|t+quW=]xysusCo2q=bXncoõC[\oÄgq=]¥]a7W=`a]gqCoþ
E Ñ;ÒÓÔ Õ =
mpi0
4
























p + γ → ∆+ → p + pi0
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t¥íîY2sCo2nX]oVXq=W8Y2nX]o2q=nco~ 5 × 1017 oFI
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nX]gqCoõ+]a`Z~ú^![2ncY^)bX]xyst¥í q=sCopq=`abX]abXqCt=oÄt=oW0^)nXbX][2q=`o\V [c}0^)nXKY\o\VõCgq=]¥Vcxysbnco\VcWZxysCVz^)w=`o\V t=oø`òíîo@ý=[2]abz^)bX]xys
t=oï/xy`Y\[2q=`o\V;t=oït+]_^,xybco|t=oø`òí ^)]anVXq=nP`o2q=nPbXnz^ﬀôXo\[2bcxy]ancoû0o\Vt=o2nXs=]2nco\VPncY\o2/o2bXbco2sbø^)`xyncVP`òíîY2sCo2nX]onco82qCo
VcxyqCVSð xynX/o;t=o;`aq=7]2nco t=o®CqCxynco\Vz[\o2sC[\oõtC^)sCVS`oøt=xy^)]asCo t=o`òí q=`abXnz^0g]xy`o2b λ = 300−400 s=N@ûgvm^|t=Y@ö









































































































































9g 2 û ü + ü  ü ^t=Y2bco\[2bcY « Yu2sCo2/o2sbcV!^)q+ö t=o2`[t=o 1020 o;Iõ¥t=xysb|`o
W=`aqCV;Y2sCo2nXKY2bX]gqCo



















































































































































[\o|t=xy^)]asCoõh^)]asCVc]mqCo|t=o\V t+]% 8Y2nco2sgbco\V ]asC[\o2nXbX]abXqCt=o\Vøq=]¥]asgbco2n6g]o2s=sCo2sgbïtC^)sCV q=sCo|bco2`a`o|t=o\Vc[2nX]aW=bX]xysIû
{¦xyq=nW=ncY\Vco2sgbco2nÒ`o\Vt+]% 8Y2nco2sgbcVW=ncx4[\o\VcVXqCV~°`òíîxgo2q4nco`xyncVt¥í q=s¤bco2`;W=}CY2sCxyﬂ2sCoõGsCxyqCV/W=nco2sCt+ncxysCV
`òíîo@ý=o27W=`o
t¥í q=sóW=ncxybcxysót¥í q=`abXnz^}0^)q=bco!Y2sCo2nX]oõhb ~gW=]gqCo!t=oÄsCxybXnco!t=xy^)]asCo!t¥íîY2bXqCt=oõZgq=]mW8Y2sﬀ2bXncop`òí ^)bñö
/xVXW=}ﬀ2ncop^)W=n	\VøVcxys`xys=ﬂKxÁ~^)Kopt=o2W=q=]V;Vz^[2ncY^)bX]xysIû
¼*ut ½¾{AwK|õM{AwÂ|<~!3wM{:\3|<y\~






























































1110 1210 1310 1410 1510 1610 1710 1810 1910 2010
(GeV)Equivalent c.m. energy 
10 210 310 410 510
Mielke et al. 1994
Baltrusaitis et al. 1984
Nam et al. 1975
Siohan et al. 1978
Honda et al. 1999






















































































Ät+]anco W=nco\VcgqCoø^)qCVcVX]ab	Myb^)W=n	\VVcxys~KY2nX]abz^)w=`oït=Y2^)nXnz^)Koû+vIo\VG[\xysC[\o2W=bco2q=ncVPt=o `òíîo@ý4W8Y2nX]o2sC[\oøVÁí ^)bXbco2sCt=o2sb






ïxyqCVø^)`a`xysCV ^)]asbco2s0^)sbKxy]an [\opq=]e^)nXnX]DKo!^)q+ýut+]% 8Y2nco2sgbco\V W0^)nXbX][2q=`o\Vï[2ncY\Y\o\V;`xyncVøt=o|`_^W=nco27]2nco
























`_^7Ko2nXw8oõC`_^[\xy7WZxVc]abX]xys/x~Ko2s=sCo7^)qóVcxy`òõ=W8xyq=n q=sW=nX]a^)]anco!t=o 1020 o;Iõ0Y2bz^)sgb^)W=W=ncxý4]a^)bX]DKo2/o2sgb


















































pi0 → γγ(98.8%),  ¨ û ¿























































































t¥í ü Kxy^yt+ncx=õ re o2b me Vcxysb nco\VXWZo\[2bX]DKo2/o2sgbø`oÄnz^\~Kxysr[2`_^yVzVX]qCopo2b;`_^^yVcVco
t=o`òíîY2`o\[2bXncxysIõ c `_^A4]abco\VcVcot=ou`_^Ö`aq=7]2ncoõ ze o\VXb7`_^°[z}0^)nXKot=o`_^óW0^)nXbX][2q=`or[\xysCVX]t=Y2ncY\oõ Z o2b A `o











^0Ko\[ M `_^ó^yVzVcot=o`_^óW0^)nXbX][2q=`ou]asC[2]t=o2sgbcoõo2b β o2b γ õRnco\VXW8o\[2bX]DKo2/o2sbõS`_^îg]abco\VcVzoº o2s q=s=]abcY\V
s0^)bXq=nco2`a`o\VO@õho2b γ `oðò^y[2bco2q=n t=o|vIxynco2sb6!t=oÄ[\o2bXbcoÄt=o2nXs=]2ncoû
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^)sCV¦`_^;`a]a7]abcoPt=o\Vmðj^)]aw=`o\VRt=Y®0o@ý+]xysCVõ)q=sCoW0^)nXbX][2q=`oPt=o[c}0^)nXKo Z o2bRt¥í ]a7W=q=`VX]xys −→p õ)VcoSW=ncxyW0^)Ko^)sgb
VXq=nGq=sCo t+]VXbz^)sC[\o l tC^)sCVSq=sÒ[z}0^)7WÒ^)sCY2bX]gqCo
−→
B õVXq=w=]abGq=sÒ[z}0^)s=Ko2/o2sbt¥í ^)s=`o α õgq=]0W8xy]asbcoøtC^)sCV
`_^t+]anco\[2bX]xysrt=oÄ`_^!sCxynX^)`o
^)qW=`_^)st=Y@ùCs=]IW0^)n `o\VKo\[2bco2q=ncV −→p o2b −→B û0o|t=o2nXs=]o2nøVíîY\[2nX]abþ
α ' lZ
p2
∥∥∥−→p ×−→B∥∥∥  ¨ û « 
@





















































ïxyqCV;W=ncY\Vco2sgbcxysCV;][2]I`o\Vøt+]% 8Y2nco2sgbcV W=ncx4[\o\VcVXqCV;W0^)n;`o\VcgqCo2`Vq=suW=}Cxybcxysro\Vcb VXqCVc[\o2W=bX]aw=`oÄt¥í ]asgbco2nz^)]anû



























t=o\Vï[\xyqC[c}Co\V]asbco2nXsCo\Vt¥í q=s°^)bcxy/oõZncY\VXq=`abz^)sbo2sr`òíîY ôXo\[2bX]xysÖt=op`òíîY2`o\[2bXncxys°[\xysCVX]t=Y2ncYõZo2bø`òí ]xys=]VÐ^)bX]xysót=o
`òí ^)bcxy/oþ










o2bXbcoÒ]asbco2nz^y[2bX]xys»o2sgbXnz^)]asCoÒq=sCot+]% 8qCVX]xys t+q W=}Cxybcxys t¥í q=s^)s=`o θ [\xy7W=nX]Vo2sgbXnco
­
o2b pi õ¦^)]asCVX]
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#LMkK0
vSí ]xys=]VÐ^)bX]xys[\xynXnco\VcWZxysCt ^)q W=ncxg[\o\VcVcqCV e± + ^)bcxy/o → ]xys + + 2e− û¦vIo\VY2`o\[2bXncxysCVY27]V!`xyncV
t=o

































































































































t=o|}0^yt+ncxysCV o2b;/Y\VzxysCVø^W8xyq=n;W=nX]asC[2]aW0^)`eo ¥o2b t¥í ^)`a]a/o2sgbco2nø`o\V
¿
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Cûî[2 −2 t=o2W=q=]V`oPVcxy7/o2bt=o`òí ^)bX/xVXW=}ﬀ2ncoõ`a]a7]abco;^)q/t=o\VcVXqCVt=oP`_^ygqCo2`a`oP`_^[\xy7WZxVÐ^)sbcoY2`o\[2bXncx)ö
^)sCY2bX]gqCo!t=o4]o2sbsCY2`a]aKo^)w=`oûmo2bXbco

















X ! #" g]Z`òíîxysW0^)nX`oït=oïW=ncx)ùC`h`xys=]abXqCt+]as0^)`òõ=xyst=xy]ab^)`xyncV]a7WZY@ö















W8xyq=nXnz^)]abW8o2nX/o2bXbXnco W0^)no@ý=o27W=`oït=o;t+]VXbX]as=qCo2nq=sCo;Ko2nXw8o]VcVXqCo;t¥í q=sÒW=ncxybcxyst¥í q=sCo Ko2nXwZo ]asCt+q=]abco;W0^)n
¿°









































































































t=oP^)s=]2nco]asgbXq=]abX]DKo`o\VRnz^)sCt=o\Vt+]% ¥Y2nco2sC[\o\VSo2sbXnco [\o\Vt=o2q+ý!b ~gW8o\Vt=oPKo2nXwZo\VÁû,>exyq=bt¥í ^)w8xynct¥õyWZxyq=nq=sCo
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o2sðjxysC[2bX]xyst=o`òíîY2sCo2nX]oõCW8xyq=n`o\Vﬂﬁ2/o\V W=nX]a^)]anco\V o2b Y2sCo2nX]o\Vû















































`_^PW=ncx)ð xysCt=o2q=n X ýmþZß õ X0
`_^;W=ncx)ð xysCt=o2q=n¦t=oW=nco27]2ncoS]asgbco2nz^y[2bX]xys
o2b λ = 70 Cûî[2 −2 û
¿«
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W8o2nX/o2bt=o'Kxy]anï`òíîYKxy`aq=bX]xys°t+qð ncxysbt¥í q=sCopKo2nXw8o!t=opW=ncxybcxysÖt=o 1019 o;I¬o2bït¥í ^)s=`o
Y2s=]abX}0^)` θ = 80◦ õHÆ/o\VXq=nco°gqIíîo2`a`o°VcoóW=ncxyW0^)KotC^)sCV`òí ^)bX/xVXW=}ﬀ2ncoûH<S`a`oÖnco2W=ncY\Vco2sbco°`òíîY2bz^)`o2/o2sgb






































































































































vIo sCxypw=ncoït=o;W0^)nXbX][2q=`o\Vt¥í q=sCo Ko2nXw8o ^)bX/xVXW=}CY2nX]gqCo^)q=/o2sbcoï[\xysCVX]t=Y2nz^)w=`o2/o2sb ^0Ko\[;`òíîY2sCo2nX]o
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eº.0 »eß¨K.0



























§0­ 19 oFI o2b
t¥í ^)s=`o Y2s=]abX}0^)`sq=`òõ¦o2s"ðjxysC[2bX]xyst=o/`_^W=ncx)ð xysCt=o2q=n7^)bX/xVXW=}CY2nX]gqCoû¦{S`aqCVX]o2q=ncV!s=]DKo^)q+ý
t=oïbX}=]as=s=]as=xysb;Y2bcYq=bX]a`a]VzY\Võ=^Ko\[Äo2bVz^)sCVxyW=bX]a7]Vz^)bX]xysIû0{exyq=nq=sCo/o2]a`a`o2q=nco4]VX]aw=]a`a]abcYï`o\VKo2nXw8o\Vxysb
Y2bcY7[c}Cxy]Vc]o\V






W ýmþZß = ×E0( +o;I ), WZxyq=n `o\V;Y2`o\[2bXncxysCV o2b`o\V W=}CxybcxysCV

































































































t+]% ¥Y2nco2sbco\VõZ^ﬀùCst=obco2s=]an [\xy7W=bcopt=o\V t+]% 8Y2nco2sC[\o\Vøt=oÄ[\xysCt+]abX]xysCVøo2sgbXnco|`oÄVcxy7/o2bøt=o`òí ^)bX/xVXW=}ﬀ2ncopo2b
`os=]DKo^)qrt=o`_^7/o2nû
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ai + bi exp−h/ci hi ≤ h ≤ hi+1
a5 − b5h/c5 h5 ≤ h ≤ h ýmþZß






^0Ko\[ i ∈ [1, 4] õ § nco2W=ncY\Vco2sbz^)sgbø`_^[\xyqC[z}Co|`_^W=`aqCVW=ncx4[c}Copt+quVcxy`Io2b ° [\o2`a`o|t=oW=`aqCV;}0^)q=bcoÄ^)`abX]abXqCt=oû





















































































































t=o ∼ 1450 uû
{¦xyq=ncqCxy]8^Kxy]an[z}Cxy]VX]0[\oVX]abcoõo2bsCxysq=s^)q=bXnco{T?" `+~^t=o2q+ýW8xy]asbcVS]a7W8xynXbz^)sbcVGtC^)sCV`o[c}Cxy]÷ý/t¥í q=s
































§^ Cﬂ6¥-8"( ð 4c 'ﬃ7(-ON#N'ﬃﬂT°ﬂsIn"ﬀﬁﬃ01fs<.s ªc #./+"ﬀﬂ;-8ﬂ6ﬂ'ﬃ¡-p'ﬃ"ﬀO.p (#L(-e4;#`OCﬂ644 

















uõ+[\o2`a`o@ö [2]Io\VXbt=o ∼ 877 Cûî[2 −2 ûCo2bXbcoK^)`o2q=n;o\VXbPnco2W=ncY\Vco2sbcY\oÄVcq=nG`_^
ùCq=nco|W0^)n;`_^!`a]asCoÄw=`o2qCoûZßøs-Kxy]abø^)]asCVX]IgqCo|`òí ^)`abX]abXqCt=oÄo\Vcb xyW=bX]a7]VcY\o|W8xyq=n`_^7t=Y2bco\[2bX]xysrt=oKo2nXw8o\V;t=o
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`xys=qCo2q=nøt¥íîxysCt=opq=]¥sCxyqCV ]asbcY2nco\VcVcoN 300− 400 s=N@û
Ê
ﬀÏÒ¡£¹#,2¡£C·7 ﬂ0¼Ï£ 0» 


















































bX]xyst=o®CqCxynco\Vz[\o2sC[\oõ0[íîo\VXb;`òí ^)bX/xVcW=}ﬀ2ncopgq=]Inco27W=`a]ab `o|n	My`opt=oÄ[^)`xynX]aﬂ2bXncoõ0o2b xysrt=xy]ab t=xysC[Ä/o2bXbXnco
o2suW=`_^y[\o|q=sCo|xyqW=`aqCVX]o2q=ncV;/Y2bX}Cx4t=o\VW8o2nX/o2bXbz^)sbøt¥íîo@ý+bXnz^)]ancoÄ`o\V;]as+ð xynX^)bX]xysCVøt=xysbøxys^!w8o\Vcxy]asIû
vIo\VPnco\VcWZxysCVz^)w=`o\VPt+qút=Y2bco\[2bco2q=n;t=o®CqCxynco\Vc[\o2sC[\ot=oø`òíîxywCVzo2n6y^)bcxy]ancoxysb;^)]asCVX]87]VPo2sW=`_^y[\oït=oïsCxyö



























































































































tubes looking into the
water collect light


















































































Charge (integrated ADC channels)
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Quantité de matière traversée (g.cm-2)
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5 ≤ E ≤
100
k¯¢ç<!"ﬀ^#Lﬀﬁ.46eﬀﬂ6o#L4










































































































































W8o2nX/o2b t=o|t=Y2bco2nX7]asCo2n `_^!W8xVX]abX]xysut+qW8xy]asb t¥í ]a7W0^y[2bït=o`_^!Ko2nXwZoÄ^)qVzxy`òõ+`_^t+]VXbXnX]aw=q=bX]xysu`_^)bcY2nz^)`oÄt=o
`_^!Ko2nXw8oÄo2b o2s+ùCsu`o|VX]as0^)`7
§0­5­5­












Y2s=]abX}0^)` θ õ+Vcxysgb [\xys=sqCVÁû
vIo\VPo ¥xynXbcVPt=oø[^)`a]aw=nz^)bX]xysVcoø[\xysC[\o2sbXnco2sbøVXq=nq=s^)s=`oKY2s=]abX}0^)`8t=oøncY@ðjY2nco2sC[\o q=s=]gqCoõW8xyq=n`o\qCo2`































































o2súð xysC[2bX]xysrt=o θ õ4WZxyq=n;q=sCo|Y2sCo2nX]o
t=xys=sCY\oû






W0^yV;t=o θ õ+o2b Vc]¥`òíîYKxy`aq=bX]xysrt=o`òí ^y[\[\o2W=bz^)sC[\o
^0Ko\[Ä`òí ^)s=`oY2s=]abX}0^)`¦o\VXbW0^)nñðò^)]abco2/o2sbø[\xys=sgqCoû
üü













 19≤θ0 < 
 28≤θ19 < 
 35≤θ28 < 
 41≤θ35 < 
 47≤θ41 < 
 53≤θ47 < 




































o2bW=ncxyW8xynXbX]xysCo2`a`o cos θ û
ßøst=Y@ùCs=]ab `òí ]asbco2sCVX]abcYZ"Ðþ











 W=`aqCV nz^)sCtrqIí q=s S1000
t=xys=sCYõ0WZxyq=n
q=su]asgbco2n6y^)`a`oÄt=xys=sCY







õnco2W=ncY\Vzo2sbco [\o2bXbco ]asbco2sCVX]abcYõWZxyq=nGt+]% 8Y2nco2sgbcV]asgbco2n6y^)`a`o\Vo2s sin2 θ



































S1000(E, θ) = f(E)× "X (θ).  +û ¨ 




































































vSí ^)s=`o t=oGncY@ðjY2nco2sC[\o;[z}Cxy]VX]=WZxyq=nR`_^[\xysKo2ncVX]xyso\VXb θ

Ò = 38◦ õq=]=[\xynXnco\VXW8xysCtﬂø`_^Ky^)`o2q=nR/Y\t+]_^)sCo
t=oÒ`_^t+]VXbXnX]aw=q=bX]xys o2s ^)s=`o~Y2s=]abX}0^)`t=o\V!Yu2sCo2/o2sbcV7ncY\o2`VÁûe{R^)n7[\xysKo2sbX]xysIõ"X 
¬ ◦  § ûßøs^
^)`xyncVVX]a7W=`o2/o2sgb S100038◦ = S38 = S
1000
θ /
"ñ (θ) û+{¦xyq=n [c}0^ygqCo|Yu2sCo2/o2sbõ0xysW8o2q=bt=o|[\o2bXbcoï^)s=]2nco
[\xysKo2nXbX]anø`o S1000
o2suVcxysrY\q=]D^)`o2sb






























































































'."ﬀ.áVO.qﬀ)*+-o+%C7ﬀﬂ; -l"ﬀﬂ46ﬂ;-8- (#L(-4c #N­®"(-8«
)*+0ﬀ13#94ﬂ6ﬁ.ﬀV7ﬀ46"ﬀV












o2bXbcoï/Y2bX}Cx4t=oøsCoïVí ^)W=W=`a]gqCoïbcxyq=bco@ð xy]VPgqIí ^)q+ýÒYu2sCo2/o2sbcVKo2nXbX][^)q+ý¥õ+t¥í ^)s=`oKY2s=]abX}0^)`¥]as+ð Y2nX]o2q=n
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`_^t+]anco\[2bX]xyst¥í ^)nXnX]DKY\oWZo2nX/o2b|t=oVcY2`o\[2bX]xys=sCo2n|`òí q=sCot=o[\o\Vï[^)nXbco\VÁõZo2bq=s°^ﬀô qCVcbco2/o2sb



















































[\xy7W0^)ncYÄÖ[\o2`aq=]øt¥í q=sCoKo2nXwZot=o 1019 o;IûoW0^)nz^)ﬂ2bXncouW8o2q=bﬂﬁ2bXncoq=bX]a`a]VcY[\xy7/ouo\VXbX]a^)bco2q=nt=o
`òíîY2sCo2nX]o/t=o7`_^Ko2nXw8oõ8q=s N19 > 1
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E3 õIWZxyq=nÄq=sCo/o2]a`a`o2q=ncoﬂ4]VXq0^)`a]Vz^)bX]xys t=o\Vp[c}0^)s=Ko2/o2sgbcVt¥í ]asCt+][\oûRo/gq=]S]a7W8xynXbco/`o7W=`aqCVp][2]òõI[íîo\VXb
`opVc]asCo
t=o




















W=q=]VcVz^)sC[\o^Y2bcY^)W=W=`a]qCY!o2sbXnco 4 × 1018 o;Io2b
4 × 1019 o;Iõ8o2sÖq=bX]a`a]Vz^)sb|`_^Ò/Y2bX}Cx4t=o7t=Y\[2nX]abco!tC^)sCVE¯.,¿ F ûhvSí ]asCt+][\oxyw=bco2sqo\VXb 2.59 ± 0.02 ûmg]S^)qC[2q=s
[c}0^)s=Ko2/o2sgbt¥í ]asCt+][\o;sIíîo@ý4]VXbz^)]abW8xyq=n`o\VSY2sCo2nX]o\VGVXq=WZY2nX]o2q=nco\VY 4×1019 o;Iõy`oPsCxypw=nco;t¥íîYu2sCo2/o2sgbcV
^)bXbco2sCt+qCVïVco2nz^)]abøt=o 343± o2sbXnco 4 × 1019 o2b 1020 o;Iõ0o2b 72± 1 ^)q+ö t=o2`[/t=o
[\o2bXbcopY2sCo2nX]oûhvIoÄsCxy
w=nco
t¥íîYu2sCo2/o2sbcV t=Y2bco\[2bcY\VPsIíîo\VXbo2sðò^)]abgqCot=oK.5.!o2bÄnco\VcWZo\[2bX]DKo2/o2sgbûCvSí ]asCt+][\oïWZxyq=n E > 4× 1019 oFI!õ






û  W=ncY\Vco2sgbco;t¥í ^)]a`a`o2q=ncVSq=sCo[\xy7W0^)nz^)]Vzxyst=o\V®Cq+ý7xyw=bco2sqCVSW0^)nS[z}0^y[2q=sCo;t=o\VSt=o2q+ý7o@ý4W8Y2nX]o2sC[\o\VõyW0^)n
nz^)W=W8xynXbÄq=sﬂ®Cq+ýo2s E−2.6 ûvIo\Vt=xys=sCY\o\VPt¥íLE ]anco\VE¯.
°.F
W=ncY\Vco2sgbco2sbPq=sCoït=Y\[2ncxy]VcVz^)sC[\oøW=`aqCVGt=xyqC[\oï^^)sb
4× 1019 o;Iõ^)]VG`o\VWZxVc]abX]xysCVGt+qú[c}0^)s=Ko2/o2sgb;t=o W8o2sbcoVcxysgbo2sÒwZxys^y[\[\xynct¥û+vIo\VSùCq=nco\VW=ncY\Vco2sgbcY\o\V























































W8[Rnco\t=VX}=]÷ð b z ≤ 0.017 @û J s






































-"( p mc In"ﬀﬁﬃ0
vIoVco\[\xysCtóncY\VXq=`abz^)b|[\xysgbco2sq"tC^)sCV[\o!W0^)W=]o2n|o\VXbïVzxyqCVñö o2sbco2sCt+qtC^)sCV|[\o!qCo!sCxyqCV|^KxysCVW=ncY\Vzo2sbcY




[\xVX7]gqCo\V t¥íîY2sCo2nX]o E > 57 <SoFI!õh`_^ygqCo2`a`o
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2.5× 10−3 9g −2 Vcn −1 ~4n −1 W8xyq=n E > 2× 1019 o;Iõ
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Ïﬁ× ÐxÑkÜ{Ý5ëÍÖ+Ô«×Ùb×bÐìÛ]ÑkÓsÝsÜ/ÙVÏ«Þ/×bÐ/.úyÍÏ«ÝøÔ!ñ_ÑkÒûÍÓÕÔ!÷~ÙbÍÖ	ÝsÓxÑkÜ{ÓÕ×Véí×VÖàÝ ÑkÏç áVÞ/×bÙVÝsÓÕÍÖﬁÐ÷?éÏﬁÍÖﬁÐøÍÏ ÝxÑkÏﬁÐ÷
Þ/×bÐJÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)Ð8ÐÕÍÖàÝ3Ô«×bÐ3Û]ÑkÓsÝsÜ/ÙVÏ«Þ/×bÐÖﬁ×VÏ«ÝsÓÕ×bÐã0(fÞ/ÐJÖﬁ×èÐÕ×íÙbÍÏ«Û«Þ/×VÖ	ÝêÔ«ÍÖﬁÙìÛ]ÑÐÑkÏçóÛ«ÚﬁÍÝÕÍÖﬁÐ8×VÝ3ÐÕÍÖàÝ3Ô«ÍÖﬁÙ
Ã21





(ÖàÝÕ×VÓxÑÙVÝsÜ/ÍÖﬃïðÍÏ«ÓxÑkÖàÝ'ï~Ú]ÑkÓsâá6ïï7÷ ×ç) νµ + d → µ− + u




(ÖàÝÕ×VÓxÑÙVÝsÜ/ÍÖﬃïðÍÏ«ÓxÑkÖ	ÝÎÌe×VÏ«ÝsÓÕ×:Ì'ï7÷«×ç;) νµ + d → νµ + d





















































































cos θ sin θ
























 c12 s12 0−s12 c12 0
0 0 1

 , 98ﬁã h 
ÍKmÍÖﬃÑíÖﬁÍÝÕá
cos θij = cij
×VÝ














 eiα1/2 0 00 eiα2/2 0
0 0 1



































































































P (να → νβ) = δαβ





















P (να → να) = δαα = 1

















































































é Ô«×=Ú]ÑkÏ«ÝÕ×VÏ«Ó÷ ×bÐsÛ]ÑÙbáb×bÐjÞ/×bÐ-Ï«Öﬁ×bÐ-Ô«×bÐ-ÑkÏ«ÝsÓÕ×bÐeÔ«× ∼ 75 éãﬁäy×bÐ
Þ{Ü{â)Öﬁ×bÐÐxÍÖ	ÝÑkÖﬁÙVÓÕáb×bÐÑkÏ òqÍÖﬁÔ Ô«×êÞÑåéí×VÓ3×VÝÐÕÍÖ	Ý3éìÑkÜ{Ö	ÝÕ×VÖàÏﬁ×bÐ8ù ÞÑåô×VÓsÝsÜ/ÙÑkÞ/×ìâ)Ó$Ùb×èù Ô«×bÐJÒCÍÏﬁáb×bÐã[,àÏ«Ó



















ÛCÍÏ«ÓìÔ«×bÐìÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)ÐèÔ!ñ}áVÖﬁ×VÓsâ)Ü/×ÐsÏ«ÛCáVÓsÜ/×VÏ«ÓÕ× ùﬃÞÑ´ÔÜz%ÑkÜ{Öﬁ×Ô«×úR×?>8ã~äd×ÐÕ×VÏ«Ü{Þe×VÖ+áVÖﬁ×VÓsâ)Ü/× Ô!ñ Ï«Ö+ÝÕ×VÞ












Û«ÓÕábÐÕ×VÖàÝÕÐj×VÖåéí×VÓüábÔÜ{ÝÕ×VÓsÓxÑkÖﬁáb×)÷ﬁÑkÏ«ÝÕÍÏ«ÓjÔÏ Ô«áVô×VÞ/ÍÛ«Ûû×Véí×VÖàÝ-Ô!ñ Ï«Ö ÖﬁÍÏ«ô×ÑkÏÔ«áVÝÕ×bÙVÝÕ×VÏ«ÓÓÕ×VÛ«ÓÕábÐÕ×VÖàÝxÑkÖ	ÝjÏ«Ö
ôÍÞ{Ï«éí×3Ü{ÖﬁÐsÝsÓsÏ«éí×VÖ	ÝÕá8Ô!ñ Ï«ÖI&é 3 ã]äyÑíÛ«Ú]ÑÐÕ×Ô«×ÙbÍÖﬁÙb×VÛ«ÝsÜ/ÍÖﬃÔ«×Ùb×Ô«áVÝÕ×bÙVÝÕ×VÏ«Ó=ÑíÔ«áVÒ«Ï«ÝÕá×VÖWáVôÓsÜ/×VÓ 12d2d2a
×VÝjÐÕ×'ÝÕ×VÓséêÜ{Öﬁ×VÓxÑì×VÖ
12dÄ`d


































































Oã ä%nﬂ x[ﬃyæå]yM/ #%7uoçègy!"=éﬂﬁﬃyëêìﬁﬃﬂ/ #"=ﬁ%]y
äyÑjß	Ïﬁ×bÐsÝsÜ/ÍÖ3Ô«×bÐyÐÕÍÏ«ÓÕÙb×bÐRÔ«×1Öﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)ÐyÔ«×1Ï«Þ{ÝsÓxÑÚ]ÑkÏ«ÝÕ×?áVÖﬁ×VÓsâ)Ü/×?×bÐÕÝ!Ï«ÖJÛ«ÓÕÍÒ«Þ/ßVéí×?ÙbÍéêÛ«Þ{Ü/ßàÏﬁá)ã*1Ö3×5C×VÝ÷































































 ßﬀﬁ 9ßﬂﬃﬁﬂ	  !"ﬂ[ß#ﬂ$%	#&!!$' ()"ﬂ[ß	* -Û«ÓÕßbÐÞñ}×çÛ«Þ/Í)ÐÕÜ/ÍÖ¶Ô!ñ Ï«Öﬁ×øÐsÏ«Ûû×VÓ5ë


































Ï«Ö¶ÔÜ/Ðxß	Ïﬁ×íÔ!ñ_ÑÙbÙVÓÕáVÝsÜ/ÍÖ ÑkÏ«ÝÕÍÏ«Ó3Ô«×èÙb×íÔ«×VÓsÖ«Ü/×VÓã1ïð×êÝîÛû×èÔ«×íÙbÍÖØﬁâ)Ï«ÓxÑkÝsÜ/ÍÖÈÍûÓÕ×ìÏ«Ö â)ÓxÑkÖﬁÔ ÖﬁÍé3Ò«ÓÕ×èÔ«×
ÛCÍ)ÐÕÐsÜ{Ò«Ü{Þ{Ü{ÝÕábÐJÛCÍÏ«ÓJÞñ_ÑÙbÙbáVÞ/áVÓxÑkÝsÜ/ÍÖ Ô«×êÛ]ÑkÓsÝsÜ/ÙVÏ«Þ/×bÐ8×VÝJÞ/×VÏ«Ó3Ü{Ö	ÝÕ×VÓxÑÙVÝsÜ/ÍÖdãä;ñ}áVéêÜ/ÐÕÐsÜ/ÍÖ¶Û«ÓÕÍô×VÖ]ÑkÖàÝ8Ô«×íÞñ}ÍÒæ5×VÝ
ÙbÍéêÛ]ÑÙVÝ-ÝsÓxÑô×VÓÕÐÕ×=Þ/×=ô×VÖàÝ-ÐsÝÕ×VÞ{ÞÑkÜ{ÓÕ×JÔ«×JÞñ}áVÝÕÍÜ{Þ/×=ôÍÜ/ÐsÜ{Öﬁ×J×VÝjÔ«×bÐjÙxÚﬁÍàÙbÐ-Ûû×VÏ«ô×VÖàÝeÑkÜ/ÐÕáVéí×VÖàÝÎÑbôÍÜ{ÓeÞ{Ü/×VÏdã

























































































































ÛCÍÖﬁÔﬁÑkÖ	ÝÎÑkÏç éí×bÐsÏ«ÓÕ×bÐeß	Ïﬁ×'Þñ}ÍÖÛûÍÏ«ÓsÓxÑkÜ{Ý'ÑbôÍÜ{ÓeÐ%ñ Ü{Þ!Ödñ}×çÜ/ÐsÝxÑkÜ{ÝÎß	Ïdñ Ï«Öﬁ×ÐÕ×VÏ«Þ/×JÐÕÍÏ«ÓÕÙb×JÔ«×JÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)Ð-ÔﬁÑkÖﬁÐ































äd×èÙÑkÞ/ÙVÏ«Þð×5!×bÙVÝsÏﬁáíÞ/×VÏ«Ó8ÑåÛC×VÓséêÜ/Ð3Ô!ñ}ÍÒ«ÝÕ×VÖ«Ü{ÓÏ«Ö þﬁÏç Ô«×íÞÑ òÍÓséí×
E2νdNν/dEν = 2 × 10−8
'×E>
ÙVé










































ÔÜ/ÐÕÙVÏ«ÝxÑkÖàÝ×VÖ Ô«áVÝxÑkÜ{ÞJÔ«×bÐ ÔÜ	!áVÓÕ×VÖ	ÝÕ×bÐÐsÜ{éêÛ«Þ{ÜõØ]ÙÑkÝsÜ/ÍÖﬁÐ Ï«ÝsÜ{Þ{Ü/ÐÕáb×bÐåÛ]ÑkÓYO´Ñ$çéìÑkÖ ×VÝ£\ÑkÚﬁÙÑkÞ{Þãjïð×VÞ{Ï«ÜõëÙVÜ3Ñ












































































































































































































1012 1014 1016 1018 1020 1022
E  (eV)
ν νµeW&B W&B
















































































ÐÕÍÏ«ÓÕÙb×bÐ÷ ß	Ï«ÜyÜ{ÖþﬁÏﬁ×VÖﬁÙb×VÖ	ÝÎÒ«Ü/×VÖ áVôÜ/Ô«×Véêéí×VÖ	Ý'Þ/×=ÝxÑkÏçÔ«×JÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)ÐeÛ«ÓÕÍàÔÏ«Ü{ÝÕÐ%ã!1ÖØﬁÖd÷ Ü{ÞyÐsÏ@4íÝÎÔ!ñ Ü{Ö	ÝÕáVâ)ÓÕ×VÓ
ÐsÏ«Ó
z
÷?×VÖ ÙbÍÖﬁÐsÜ/Ô«áVÓxÑkÖ	Ý ÑkÞ/ÍÓÕÐøÏ«Ö+éíÍÔ«ßVÞ/× ÙbÍ)ÐséíÍÞ/Íâ)Ü/ßàÏﬁ×Ô«ÍÖ«Öﬁá)÷~Ù)ñ}×bÐsÝåù ÔÜ{ÓÕ× Ï«Ö æs×VÏÔ«×Û]ÑkÓxÑkéíßVÝsÓÕ×bÐ
Ø«ç«ábÐã!NÍÏ«Ó'ÞÑ8Øﬁâ)Ï«ÓÕ×3Û«ÓÕábÙbábÔ«×VÖ	ÝÕ×)÷CÞ/×bÐÎÔÜ	CáVÓÕ×VÖàÝÕÐeÛ]ÑkÓxÑkéíßVÝsÓÕ×bÐ=ÙbÍÖﬁÐÕÜ/Ô«áVÓÕábÐeÐÕÍÖàÝeÞ/×bÐÎÐsÏ«Ü{ô)ÑkÖ	ÝÕÐ`) Ï«ÖﬃÐsÛû×bÙVÝsÓÕ×
Ô!ñ Ü{Öæs×bÙVÝsÜ/ÍÖÔ!ñ Ü{ÖﬁÔÜ/Ùb×ÐsÛC×bÙVÝsÓxÑkÞ
α = −2 ×VÝíÔ!ñ}áVÖﬁ×VÓsâ)Ü/×éìÑ$çÜ{éìÑkÞ/× Emax = 1022 ×E>ã;äy×ÙÑkÞ/ÙVÏ«ÞjÏ«ÝsÜ{Þ{Ü/ÐÕ×
ÑkÏﬁÐÕÐsÜ!Þ/×'ÓÕábÐÕÏ«Þ{ÝxÑkÝjÔ«×pO´Ñ$çéìÑkÖÛCÍÏ«ÓÞÑÛ«Ï«Ü/ÐÕÐxÑkÖﬁÙb×=Ô!ñ Ü{Öæs×bÙVÝsÜ/ÍÖÛCÍÏ«ÓÞ/×bÐÓxÑbîÍÖﬁÐeÙbÍ)ÐséêÜ/ßàÏﬁ×bÐã«ä;ñ}áVôÍÞ{Ï«ÝsÜ/ÍÖ




(1 + z)n , z < 1.9
(1 + 1.9)n , 1.9 < z < 2.7







































































































































































































































































































ÐsÛC×bÙVÝsÓÕ×å×VÖ áVÖﬁ×VÓsâ)Ü/×)ã1äyÑﬃÐsÏ«Û«Û«ÓÕ×bÐÕÐsÜ/ÍÖ ÔÏ©þﬁÏç©ÐÕÜ{â)Ö]ÑkÞ/áb×ÑkÏ Ô«×VÞù Ô«×





































Û«Ï«ÓÛ«ÓÕÍÝÕÍÖd÷1áVâ	ÑkÞ/×Véí×VÖ	ÝêÛCÍÏ«ÓÔ«×VÏç¶ÙxÚﬁÍÜõç©Ô«×bÐ8ÐsÛC×bÙVÝsÓÕ×bÐ8Ô!ñ Ü{Öæ5×bÙVÝsÜ/ÍÖ ×VÝ8Ô!ñ}áVôÍÞ{Ï«ÝsÜ/ÍÖ ÙbÍ)ÐséíÍÞ/Íâ)Ü/ß	Ïﬁ×2)NÞ/×
Û«ÓÕ×VéêÜ/×VÓ:ÝsÜ{ÓÕ×VÝÕÐ=ÙbÍÖﬁÐsÜ/Ô«ßVÓÕ×êÏ«Öﬁ×íáVôÍÞ{Ï«ÝsÜ/ÍÖ´ÙbÍ)ÐÕéíÍÞ/Íâ)Ü/ß	Ïﬁ×êÖàÏ«Þ{Þ/×
(n = 0)







































































feÖﬃÛC×VÏ«ÝeôÍÜ{Ó'ß	Ïdñ Ü{Þ×çÜ/ÐsÝÕ×Û«ÓÕßbÐ'Ô!ñ Ï«ÖóÍÓÕÔÓÕ×8Ô«×â)ÓxÑkÖﬁÔ«×VÏ«ÓJ×VÖàÝsÓÕ×Þ/×bÐ-þﬁÏç Û«ÓÕábÔÜ{ÝÕÐeÛ]ÑkÓ=Ùb×bÐ'ÔÜ	!áVÓÕ×VÖ	ÝÕÐ
éíÍÔ«ßVÞ/×bÐ÷dÛ«ÓsÜ{ÖﬁÙVÜ{Û]ÑkÞ/×Véí×VÖàÝêùÙÑkÏﬁÐÕ×ìÔ«×bÐ3áVôÍÞ{Ï«ÝsÜ/ÍÖﬁÐÙbÍ)ÐÕéíÍÞ/Íâ)Ü/ß	Ïﬁ×bÐÔÜ	CáVÓÕ×VÖàÝÕ×bÐ÷dÞ/×ìéíÍàÔ«ßVÞ/×ìÛ«Ï«ÓÛ«ÓÕÍÝÕÍÖ
òÑkÜ/ÐxÑkÖ	Ý'Þñ Ú	îÛCÍÝsÚﬁßbÐÕ×êÔ!ñ Ï«Öﬁ×8áVôÍÞ{Ï«ÝsÜ/ÍÖóÝîÛû×k,Æw{ ÙbÍÖﬁÔÏ«Ü/ÐxÑkÖàÝJÙbÍéêéí×êÍÖÛC×VÏ«Ý=Ðñ î ÑkÝsÝÕ×VÖﬁÔÓÕ×íÑkÏþﬁÏçÞ/×
Û«Þ{ÏﬁÐÜ{éêÛCÍÓsÝxÑkÖ	Ýã












mass      source γ    Emax
Fitting
Mixed  Uniform  2.2 1021 eV
Mixed  Uniform  2.2 1020 eV
Proton      SFR  2.2 1020 eV
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1Ö ×5!×VÝ÷1ÙbÍéêéí× ÖﬁÍÏﬁÐ8Þñ_ÑôÍÖﬁÐìÔÜ{ÝíÔﬁÑkÖﬁÐ8Þ/× ÙÕÚ]ÑkÛ«Ü{ÝsÓÕ×
1
÷1ÙbÍÖﬁÐxÑÙVÓÕáùÞÑÛ«Ú	îÐsÜ/ßàÏﬁ×øÔ«×bÐíâ×VÓsÒû×bÐíÑkÝ5ë
















































75◦ ≤ θ < 90◦ ãeÏóÔ«×VÞù÷ Ü{Þ1×bÐsÝ=áVôÜ/Ô«×VÖ	ÝJßàÏﬁ×ÓsÜ/×VÖóÖﬁ×ÛC×VÏ«Ý=ýVÝsÓÕ×Ô«áVÝÕ×bÙVÝÕá)ã;{-Ü/×VÖd÷CÐxÑkÏò
Ï«ÖÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ





















Ä`a6¨~á¡±`«2°¶R¬OªµMÀ ­¸$¬±*¯:µMÀ ¶R¯µ2ª®7¸$³KµRª®µ2ª¬Oª5¸=³*¯Z®?°¬O¶¸=°O²´³*¯6µRª¾9À ª=Ë2«Z­¬O²´ª$¯Z¸=ª«Z³|¶R¬¶R¯:­ñ*â¯Rª$Îª$¯°7¿¶Rª$¾¡v
¸=³|¯¿¶Rª*Ä/á[ª¾Á¾´ª¢v¸=²#îï±*²ý°]±`««±`¬q±`²Á°O¬ª¾´ª®µ2²Áð@­$¬ª$¯°®­¾Á­Îª¯°®7Òoµ2²	®E«Æ³|®O²ý°²Á³|¯6«Æ³*¶R¬7¾9À ±`¯±*¾ÁÂ2®OªµMÀ ¶R¯·­$ñ|â$¯RªÎª¯°qM¾9À ª¯v
®Oª$ÎnÕ¾Áª7µ2ª7¸=¶ñ*ª®wµ2­5¸=¾´ª$¯¸qß­$ª®Ì2¾´ª®¡°OªÎ«®ﬃµMÀ ±`¬¬O²´ñ*­ª3µ2¶ﬁî¬³*¯°Cµ2ªÊ*ª$¬ÕÆª+µR±*¯®ﬃ¸=ª¾Á¾´ª®>v¸=²@ª=°C¾´ª®ﬃ®O²ÁÊ|¯±`¶RËª$¯R¬ª$Ê|²´®E°O¬­®
«±*¬C¸qß±*¸$¶R¯Rª7µ2ª7¸=ª5®C®?°q±Ã°²Á³|¯®$Ä
Ô«×bÐeÑkÖ«â)Þ/×bÐnáVÖ«Ü{ÝsÚ]ÑkÏçÜ{ÖòqáVÓsÜ/×VÏ«ÓÕÐeù ∼ 94◦ ÷ﬁÙbÍéêÛ«ÝÕ×JÝÕ×VÖàÏ Ô«×bÐeáVÛ]ÑkÜ/ÐÕÐÕ×VÏ«ÓÕÐ-Ô«×JÓÕÍàÙxÚﬁ××VÝeÐx×bÙVÝsÜ/ÍÖﬁÐ-×54ìÙÑÙb×bÐ
ÙbÍÖﬁÐsÜ/Ô«áVÓÕáb×bÐã[-Ü{ÖﬁÐÕÜ÷dÞÑ Ô«áVÝÕ×bÙVÝsÜ/ÍÖÈÔ«×íÝÕ×VÞ/ÐÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)Ð3ÐÕ×ìÐsÜ{ÝsÏﬁ×íÝÕÍÏæsÍÏ«ÓÕÐ3ÔﬁÑkÖﬁÐÞ/×ìÙÑÔÓÕ×èÔ«×bÐJâ×VÓsÒC×bÐÝsÓÕßbÐ








































































































Ô«×JÏ«Þ{ÝsÓxÑíÚ]ÑkÏ«ÝÕ×3áVÖﬁ×VÓsâ)Ü/×ÐÕÍÖàÝeÔ«×bÐjÚ]ÑÔÓÕÍÖﬁÐ%ã äd×bÐeÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)Ðgú#iÉÙbÍÖﬁÐsÝsÜ{ÝsÏﬁ×VÖàÝJÑkÜ{ÖﬁÐsÜ÷ ùíÞñ Úﬁ×VÏ«ÓÕ×3ÑÙVÝsÏﬁ×VÞ{Þ/×)÷
ÞÑåÛ«ÓÕábÔÜ/ÙVÝsÜ/ÍÖÈÔ«×8þﬁÏçóÞÑ Û«Þ{ÏﬁÐ3ÐÕÍÞ{Ü/Ô«×íÔ«×íÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)ÐÔ«×êÏ«Þ{ÝsÓxÑÚ]ÑkÏ«ÝÕ×ìáVÖﬁ×VÓsâ)Ü/×)÷dÒ«Ü/×VÖ©ß	Ïﬁ×ìÐÕÍÖ¶ÑkéêÛ«Þ{Ü{ÝsÏﬁÔ«×
ÐÕÍÜ{Ýj×VÖﬁÙbÍÓÕ×3ÔÜ	4ìÙVÜ{Þ/×ù8×bÐsÝsÜ{éí×VÓã























































































Pνe→ντ = Pντ→νe = Pνe→νµ = Pνµ→νe . 0.03





























ÛCÍÏ«ÓsÓxÑkÜ{ÝêÛû×VÓséí×VÝsÝsÓÕ× Ô!ñ_ÑkÏ«â)éí×VÖàÝÕ×VÓèÔ«×øéìÑkÖ«Ü/ßVÓÕ× ÐÕ×VÖﬁÐsÜ{Ò«Þ/×øÞ/×åÛCÍÝÕ×VÖ	ÝsÜ/×VÞjÔ«× Ô«áVÝÕ×bÙVÝsÜ/ÍÖ Ô!ñ Ï«Öﬁ× ×çÛûáVÓsÜ/×VÖﬁÙb×
ÙbÍéêéí×åÞñ}ÍÒﬁÐÕ×VÓsô)ÑkÝÕÍÜ{ÓÕ×£1Ü/×VÓsÓÕ× eÏ«â×VÓãﬃ1Ö ×5!×VÝ÷1Ðñ Ü{Þ/ÐíÑkÓsÓsÜ{ô×VÖ	ÝèÑô×bÙåÏ«Ö+ÑkÖ«â)Þ/×áVÖ«Ü{ÝsÚ]ÑkÞ
θ > 90◦
÷1Ùb×bÐ

















































ντ → τ ÷ﬁß	Ïﬁ×'ÛCÍÏ«ÓÞ/×bÐ-ÔÜ	!áVÓÕ×VÖ	ÝÕÐe×5C×VÝÕÐ-ß	Ï«ÜdÍÖàÝjÛ«ÏýVÝsÓÕ×JáVÝsÏﬁÔÜ/ábÐj×VÖ Ô«áVÝxÑkÜ{ÞãﬁÌeÍÏﬁÐjÛ«ÓÕábÐÕ×VÖ	ÝÕ×VÓÕÍÖﬁÐÎ×VÖﬁÐsÏ«Ü{ÝÕ×
ÞÑ8ÐÕáVÞ/×bÙVÝsÜ/ÍÖß	Ï«ÜyÑ8áVÝÕáÑÔ«ÍÛ«ÝÕáb×JÛ]ÑkÓjÞÑ8ÙbÍÞ{ÞÑkÒûÍÓxÑkÝsÜ/ÍÖ×VÝjÞ/×bÐÓÕábÐsÏ«Þ{ÝxÑkÝÕÐeÔ«×=Ùb×=ÝsÓxÑbô)ÑkÜ{Þã
²





























































































































































































































































Lu = 1− 43xW Ld = −1 + 23xW













































































































































x × u(x, Q2 = M2W )
ª$¯:î³*¯¸=°O²´³*¯µ2ªËMÌM«Z³|¶R¬¾Áª5®7µ2²´®E°O¬²´ÕR¶2°O²´³*¯Z®ná¡»w¼ﬁ½¾ª$°]ö6½2»7S ×*øÄ
t3¬O³|²ý°ªwqZÞF±*¾Áª¶R¬q®C³*ÕR°Oª$¯K¶Rª5®±Éñ|ª¸ná¡»w¼ﬁ½¾g«Æ³*¶¬








































































































































































































































































ÞÑéìÑÐÕÐx× ÔÏ Û«Ü/ÍÖ Öﬁ×VÏ«ÝsÓÕ×)÷1ÓÕ×bßàÏ«Ü/×VÓsÝìß	Ïﬁ×åÞñ Ü{ÖàÝÕ×VÓxÑÙVÝsÜ/ÍÖ
ÐsÜ{é3Ï«Þ/áb×ÎÐx×-Û«ÓÕÍÔÏ«Ü/ÐÕ×eÝÕÍÏæ5ÍÏ«ÓÕÐÔﬁÑkÖﬁÐðÞÑÓÕáVâ)Ü/ÍÖåÔ«×ÎÔÜ	CÏﬁÐsÜ/ÍÖåÛ«ÓÕÍkòÍÖﬁÔ«áVéí×VÖàÝÜ{ÖﬁáVÞÑÐsÝsÜ/ß	Ïﬁ×)÷×VÝðÖﬁÍÏﬁÐðÛû×VÓséí×VÝ
×VÖ	ÝsÓÕ×êÑkÏ«ÝsÓÕ×8Ô!ñ_ÑkÏ«â)éí×VÖ	ÝÕ×VÓ=ÞÑìÛ«ÓÕábÙVÜ/ÐsÜ/ÍÖﬃÔ«×ÖﬁÍ)Ð'ÔÜ/ÐsÝsÓsÜ{Ò«Ï«ÝsÜ/ÍÖﬁÐ%ã#NÍÏ«Ó'Þ/×bÐ'áVÖﬁ×VÓsâ)Ü/×bÐÎÙbÍÖﬁÐÕÜ/Ô«áVÓÕáb×bÐ'Ü/ÙVÜ÷ Ùb×VÝsÝÕ×












































































































































































(2 + ρ2)(1 + β) + ξ(3 + ρ2)
)
ln 1 + 1ξ +
1−ρ2−β





(1 + ρ2)(1 + 32β)− 1ξ (1 + 2β)(1 − ρ2)
)
ln 1 + ξ + ξ(1−rho
2−β)






































































































































(3× 10−6 < x < 0.85, 0 ≤ Q2 < 5000 '×?> 2) ÷Ùb×Îß	Ï«ÜC×bÐsÝ?Ü{éêÛCÍÓ5ë





















































































τ ÅsÆÈÇ = 290 ± 1.0 ×
10−15
Ð÷



























































































































































Ï«Öﬁ× ÐsÜ{é3Ï«ÞÑkÝsÜ/ÍÖ ÙbÍéêÛ«Þ/ßVÝÕ×Ô«×øÝÕÍÏﬁÐêÞ/×bÐÛ«ÓÕÍàÙb×bÐÕÐÕÏﬁÐ8Ü{éêÛ«Þ{Ü/ß	ÏﬁábÐìù ÝsÓxÑô×VÓÕÐêÏ«Ö ü ÍÖàÝÕ×ïÑkÓsÞ/ÍﬃÛ«ÓÕ×VÖ]ÑkÖ	Ýí×VÖ








































































































































































dE/dx = −ρβ(E)E ÷~Þñ}×çÛ«ÓÕ×bÐÕÐsÜ/ÍÖ ÙVÜõëÔ«×bÐÕÐsÏﬁÐøÛC×VÏ«ÝìòÑÙVÜ{Þ/×Véí×VÖ	Ý ýVÝsÓÕ×Ü{Ö	ÝÕáVâ)ÓÕáb×)÷ðÛCÍÏ«Ó
Ô«ÍÖ«Öﬁ×VÓeÑkÏ ØﬁÖ]ÑkÞ3)






































































































































































































































































































































E0 = 3× 1019
ªÞnÄ
ÝÕáb×bÐ~Þ/×bÐ;Þ/ÍÖ«â)Ïﬁ×VÏ«ÓÕÐÔ!ñ Ü{Ö	ÝÕ×VÓxÑÙVÝsÜ/ÍÖ ÙÑkÞ/ÙVÏ«Þ/áb×bÐ~ÛûÍÏ«Ó





















































































Ã ¨Å!³*¯RÊ|¶Rª$¶¬®7µMÀ ²´¯|°ª$¬q±*¸=°O²´³*¯ ¸$±*¾´¸$¶R¾Á­ª®7«Æ³*¶¬


















































































































ÝÕ×VÓsÓÕ×)ãCfeÖ Ô«ÍÜ{Ý8×VÖﬁÐÕÏ«Ü{ÝÕ×èÞ/×èÛ«ÓÕÍÛ]Ñkâ×VÓêÛ]ÑÐÛ]ÑkÓ8Û]ÑÐ÷×VÖ©×bÐsÝsÜ{éìÑkÖàÝìùÙxÚ]ÑÙVÏ«Ö Ô«×åÙb×bÐ3Û]ÑÐÞÑ Û«ÓÕÍÒ]ÑkÒ«Ü{Þ{Ü{ÝÕá
ßàÏdñ Ï«Öﬁ×=Ü{Ö	ÝÕ×VÓxÑÙVÝsÜ/ÍÖÙbÍÏ«ÓxÑkÖ	ÝÎÖﬁ×VÏ«ÝsÓÕ×JÍÏÙbÍÏ«ÓxÑkÖ	Ý'ÙÕÚ]ÑkÓsâáÑkÜ{Ý-Þ{Ü/×VÏdãﬁä;ñ Ü{Ö	ÝÕ×VÓxÑÙVÝsÜ/ÍÖÛ]ÑkÓ-ÙbÍÏ«ÓxÑkÖàÝ-Öﬁ×VÏ«ÝsÓÕ×=Öﬁ×
ÓÕ×VÛ«ÓÕábÐÕ×VÖàÝÕ× ß	Ïdñ Ï«ÖÈÛ«ÓÕÍÙb×bÐÕÐsÏﬁÐ8Ô«×ìÛC×VÓsÝÕ×åÔ!ñ}áVÖﬁ×VÓsâ)Ü/×åÛûÍÏ«ÓÞ/×øÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ«ã1ö=ÑkÖﬁÐ3Þ/×åÙÑÐ8ÍKmÈÏ«Öﬁ×ìÜ{ÖàÝÕ×VÓxÑÙVÝsÜ/ÍÖ




































































































































σCC(E) = 6.37994 × 10−36 ÙVé 2 (E/GeV/0.355991


























Öﬁ×óÐÕÍéêéí×bÐ ÐÕ×VÖﬁÐÕÜ{Ò«Þ/×bÐß	Ïdñ_ù©Ô«×bÐáVôßVÖﬁ×Véí×VÖàÝÕÐ ù¶Ü{ÖﬁÙVÜ/Ô«×VÖﬁÙb×óÓxÑÐxÑkÖàÝÕ×)÷jÙbÍéêéí×ﬃÖﬁÍÏﬁÐ Þ/×ﬃô×VÓsÓÕÍÖﬁÐ Û]ÑkÓåÞÑ

















































































































































































































































































































×?>8÷ ∼ 15% Ô«×bÐjÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)Ð-Ü{ÖàÝÕ×VÓxÑkâ)Ü/ÐÕÐÕ×VÖ	Ý'ÑkÜ{ÖﬁÐsÜRÑôÑkÖàÝeÔ«×=ßàÏ«Ü{ÝsÝÕ×VÓjÞÑ
úy×VÓsÓÕ×)÷ Û«ÓÕÍÔÏ«Ü/ÐxÑkÖ	ÝÎÔﬁÑkÖﬁÐ ∼ 70% Ô«×bÐ-ÙÑÐjÏ«Ö Þ/×VÛ«ÝÕÍÖ τ ßàÏ«Üy×bÐsÝ-ÐÕÏﬁÐÕÙb×VÛ«ÝsÜ{Ò«Þ/×Ô«×JÙbÍÖàÝsÓsÜ{Ò«Ïﬁ×VÓ'ÑkÏþﬁÏç ÝÕÍÝxÑkÞ
ØﬁÖ]ÑkÞãM
12h











































































































































ντ → τ → ντ ãàä;ñ Ú«Ü/ÐsÝÕÍâ)ÓxÑkéêéí×ÎÒ«ÞÑkÖﬁÙeÛ«ÓÕ×VÖﬁÔè×VÖ



























































 ∼ a2d2d &àé ù 1018 ×E>g-×VÝeÛCÍÏ«Ó'ÐxÑìÔ«ábÐÕÜ{Ö	ÝÕáVâ)ÓxÑkÝsÜ/ÍÖ ÐÕÍÖàÝeâ)ÓxÑkÖﬁÔ«×bÐ=Ô«×Vô)ÑkÖ	Ý
Ùb×VÞ{Þ/×bÐÔ«×bÐNÛû×VÓsÝÕ×bÐNÔ!ñ}áVÖﬁ×VÓsâ)Ü/× ∼ a &àé:ã)ïð×VÛC×VÖﬁÔﬁÑkÖ	Ý÷)×VÞ{Þ/×bÐRÛûÍÏ«ÓsÓxÑkÜ/×VÖàÝ;ýVÝsÓÕ×?éêÜ/ÐÕ×bÐ×VÖ8Ô«áòqÑkÏ«ÝÔﬁÑkÖﬁÐÔ!ñ_ÑkÏ«ÝsÓÕ×bÐ
ÐÕÙbáVÖ]ÑkÓsÜ/Í)Ð'Û«Þ{ÏﬁÐ'×ç«ÍÝsÜ/ß	Ïﬁ×bÐã1Öó×5!×VÝ÷ûÞ/×bÐÎÙbÍÖ«Ö]ÑkÜ/ÐxÐxÑkÖﬁÙb×bÐ=ÐsÏ«Ó'ÞÑøÐÕ×bÙVÝsÜ/ÍÖó×54ìÙÑÙb×Ô!ñ Ü{ÖàÝÕ×VÓxÑÙVÝsÜ/ÍÖ Öﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ




































































σCCstd (E) = 2.4 σ
NC
















σCClow(E) = 2.4 σ
NC









ÙVé 2  h ãlj Ä 
NÍÏ«Ó8Þñ}×ç×VéêÛ«Þ/×øÔ«×èÐx×bÙVÝsÜ/ÍÖ©×54ìÙÑÙb×èòqÍÓsÝÕ×)÷yÖﬁÍÏﬁÐ8ÑbôÍÖﬁÐ8ÙÕÚﬁÍÜ/ÐÕÜÔ!ñ Ï«ÝsÜ{Þ{Ü/Ðx×VÓÐsÜ{éêÛ«Þ/×Véí×VÖàÝ
σCChigh(E) =
































































)0.35 × 10−6 g−1cm2
βlow(Eτ ) =
(

























dN/dE = 4.6 × 107E−2ν
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ÄÃ ¨ ò±*¶¸qßRªÌq)J/¾´¶2Ë µRª·¾´ª$«R°O³*¯Z®
τ
­$Îª¬OÊ|ª±`¯°q®«R¬³2µ2¶R²Á°®o«±*¬ﬁ¶¯4Q¶RË ²Á¯¸$²´µRª$¯°^Î³|¯R³K­$¯Rª¬OÊ|­=°²´¿¶Rª
















































































































äd×=ÙVÓsÜ{ÝÕßVÓÕ×=Ô«×'ÐÕáVÞ/×bÙVÝsÜ/ÍÖßàÏﬁ×ÎÞñ}ÍÖ Ô«ÍÜ{ÝjÔ«áVô×VÞ/ÍÛ«Ûû×VÓÛC×VÏ«ÝÔ«ÍÖﬁÙÎýVÝsÓÕ×=ÔÜ{ôÜ/ÐÕá'×VÖ Ô«×VÏçèÛ]ÑkÓsÝsÜ/×bÐã!feÖ Ô«ÍÜ{Ý
ÝÕÍÏ«ÝÔ!ñ_ÑkÒCÍÓÕÔ ÐÕáVÞ/×bÙVÝsÜ/ÍÖ«Öﬁ×VÓÔ«×bÐ3áVôßVÖﬁ×Véí×VÖ	ÝÕÐß	Ï«Ü1ÛCÍ)ÐÕÐÕßbÔ«×VÖàÝJÏ«Ö´ÑkÖ«â)Þ/×^áVÖ«Ü{ÝsÚ]ÑkÞ~Ü{éêÛûÍÓsÝxÑkÖàÝ÷y×VÝJ×VÖﬁÐsÏ«Ü{ÝÕ×
Ô«×bÐjáVôßVÖﬁ×Véí×VÖàÝÕÐ-ÛCÍ)ÐÕÐÕábÔﬁÑkÖàÝjÞ/×bÐjÙÑkÓxÑÙVÝÕáVÓsÜ/ÐsÝsÜ/ßàÏﬁ×bÐeÔ!ñ Ï«Öﬁ×Jâ×VÓsÒû×ðæs×VÏ«Öﬁ×)ã













ÞÑﬃÛCÍ)ÐsÜ{ÝsÜ/ÍÖ+Ô!ñ Ï«Öﬁ× ÐsÝxÑkÝsÜ/ÍÖd÷1Þ/×bÐìÔÜ	!áVÓÕ×VÖ	ÝÕÐøÔÜÑkéíßVÝsÓÕ×bÐìÔ«ÍÖ«Ö]ÑkÖàÝèÞñ Ü{ÖàÝÕ×VÖﬁÐsÜ{ÝÕáÔÏÐsÜ{â)Ö]ÑkÞÎùÞñ Ü{ÖàÝÕáVÓsÜ/×VÏ«ÓøÔ«×
Ùb×VÞ{Þ/×bÐ5ëÙVÜã




















































Ixy = Iyx =
∑
i
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A ÇÈå ¼ræ (t)
÷?ÑkÜ{ÖﬁÐsÜ-ßàÏﬁ×åÞ/× ÛCÍÜ{Ö	ÝìÔ!ñ Ü{éêÛ]ÑÙVÝøÔ«× ÞÑﬃâ×VÓsÒC×)ã~ïð×bÙVÜjÛC×VÓséí×VÝìÔ«× Û«ÓÕ×VÖﬁÔÓÕ× ×VÖ+ÙbÍéêÛ«ÝÕ×
Þñ}áVôÍÞ{Ï«ÝsÜ/ÍÖ ÔÏ Ô«áVÝÕ×bÙVÝÕ×VÏ«ÓeÑkÏÙbÍÏ«ÓÕÐjÔÏÝÕ×VéêÛﬁÐ%ã



















































































































































































































































































































































































































Pq = (1− δτx )q



























































































¬ ¬£°²±´³©µ1®¯·Â­ ¹¯¬£­Ô® ¬À®»¹»¼Â® ±¶­


























































νe(νe)N → e−(e+)X νe(νe)N → νe(νe)X
νµ(νµ)N → µ−(µ+)X νµ(νµ)N → νµ(νµ)X











ÐÕÍÓsÝxÑkÖàÝj×VéêÛûÍÓsÝÕ× ∼ 80% Ô«×-Þñ}áVÖﬁ×VÓsâ)Ü/×'Ü{Ö«Ü{ÝsÜÑkÞ/×)ãM(fÞûÖdñ îèÑÔ«ÍÖﬁÙ=ßàÏﬁ× 12d± Ô«×ÎÞñ}áVÖﬁ×VÓsâ)Ü/×'ÔÏåÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ8Ü{Ö«Ü{ÝsÜÑkÞ
ßàÏ«Üd×bÐsÝÝsÓxÑkÖﬁÐséêÜ/ÐÕ×ùÞÑêâ×VÓsÒû×)ã
ö=ÑkÖﬁÐêÞ/× ÙÑÐíÔ«×Þñ Ü{Ö	ÝÕ×VÓxÑÙVÝsÜ/ÍÖ ïï§Ô«×bÐíÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)ÐíéÏﬁÍÖ«Ü/ßàÏﬁ××VÝêÝxÑkÏd÷?Ù)ñ}×bÐsÝêÏ«Ö Þ/×VÛ«ÝÕÍÖ+ÙÕÚ]ÑkÓsâá ß	Ï«Ü
×bÐsÝeÛ«ÓÕÍàÔÏ«Ü{Ý÷û×VéêÛûÍÓsÝxÑkÖàÝÎáVâ	ÑkÞ/×Véí×VÖàÝ ∼ Ã2d± Ô«×JÞñ}áVÖﬁ×VÓsâ)Ü/×Ü{Ö«Ü{ÝsÜÑkÞ/×3ÔÏ Öﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ«ãCö'ÑkÖﬁÐeÞ/×ÙÑÐÎÔÏé3ÏﬁÍÖd÷











éÏﬁÍÖ ×VÝíÔÏ ÝxÑkÏd÷;ÍÖÑﬃ×VÖ éíÍ%î×VÖ«Öﬁ×
12d±
Ô«× Þñ}áVÖﬁ×VÓsâ)Ü/×ÔÏ Öﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ´ßàÏ«Üj×bÐsÝêÝsÓxÑkÖﬁÐséêÜ/ÐÕ× ùÞÑâ×VÓsÒû×)ã
äd×bÐèÔÜ	CáVÓÕ×VÖﬁÙb×bÐåÑkÏ Ö«Ü{ô×ÑkÏÔÏ ÐsîÐsÝÕßVéí×åÚ]ÑÔÓÕÍÖ«Ü/ß	Ïﬁ× Û«ÓÕÍÔÏ«Ü{ÝèÑkÏÙbÍÏ«ÓÕÐèÔ«×Ùb×bÐíÜ{ÖàÝÕ×VÓxÑÙVÝsÜ/ÍÖﬁÐøáVÝxÑkÖàÝåù
Û«ÓsÜ/ÍÓsÜCòÑkÜ{Ò«Þ/×bÐ÷«ÍÖ Ûû×VÏ«ÝjÑkÜ{ÖﬁÐsÜCòÑkÜ{ÓÕ×ÎÞñ Ú	îÛûÍÝsÚﬁßbÐx×Jß	Ïﬁ×ÎÞ/×bÐâ×VÓsÒC×bÐÜ/ÐÕÐsÏﬁ×bÐÔ«×=Ùb×bÐÙVÜ{ÖﬁßèÜ{Ö	ÝÕ×VÓxÑÙVÝsÜ/ÍÖﬁÐeÐÕÍÖ	Ýj×VÖ
éíÍî×VÖ«Öﬁ×Ü/Ô«×VÖ	ÝsÜ/ßàÏﬁ×bÐ÷]Ùb×=ßàÏ«Ü!ÖﬁÍÏﬁÐjÛC×VÓséí×VÝ-Ô«×'Öﬁ×JÐÕÜ{éÏ«Þ/×VÓ-ßàÏﬁ×'Þñ Ï«ÖÔ«×JÙb×bÐjÙÑkÖ]ÑkÏç!ã
,×VÏ«Þ/× Þñ Ü{ÖàÝÕ×VÓxÑÙVÝsÜ/ÍÖ ïï§ÔÏ Öﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ áVÞ/×bÙVÝsÓÕÍÖ«Ü/ßàÏﬁ×ÍÏ+Ô«× ÐxÍÖ ÑkÖàÝsÜ{Û]ÑkÓsÝsÜ/ÙVÏ«Þ/×*íÔÜ	!ßVÓÕ× Ô«×bÐêÛ«ÓÕábÙbáë































































































Üõë¾äyÑ¶Û«ÓÕ×VéêÜ/ßVÓÕ×óáVÝxÑkÛû×ﬃÙbÍÖﬁÐsÜ/ÐÕÝÕ× ù¶ÑkÛ«Û«Þ{Ü/ßàÏﬁ×VÓ ÛûÍÏ«Ó ÙxÚ]Ñß	Ïﬁ×óÐsÝxÑkÝsÜ/ÍÖ Ï«Ö

Öﬁ×VÝsÝÕÍî	Ñkâ×+Ô«×bÐåÝsÓxÑÙb×bÐ







































N − 1 ÐsÝxÑkÝsÜ/ÍÖﬁÐ-ÐÕÍÖàÝjáVôÑkÞ{Ïﬁáb×bÐ%ã/,àÜ!Ï«Öﬁ×JÐÕÍÞ{Ï«ÝsÜ/ÍÖ ÑÙbÙb×VÛ«ÝxÑkÒ«Þ/×3×bÐsÝ
ÍÒ«ÝÕ×VÖ	Ïﬁ×)÷ﬁÙb×VÞ{Þ/×ëÙVÜR×bÐsÝâ	ÑkÓÕÔ«áb×)ã«ö=ÑkÖﬁÐÞ/×=ÙÑÐjÙbÍÖ	ÝsÓxÑkÜ{ÓÕ×)÷ﬁÝÕÍÏ«ÝÕ×bÐjÞ/×bÐÙbÍÖØﬁâ)Ï«ÓxÑkÝsÜ/ÍÖﬁÐ'ù
N − 2 ÐÕÝxÑkÝsÜ/ÍÖﬁÐ
ÐÕÍÖ	ÝeáVôÑkÞ{Ïﬁáb×bÐ÷ﬁÛ«Ï«Ü/Ðeù



















































































δT12 − δT2 > 8◦
ã
Ä`h2d














 - δ 
T2 
| | δ 
T12
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ÔÏåòÓÕÍÖ	ÝjÔ«×'ÞÑâ×VÓsÒC×)÷ﬁ×VÝÏ«ÖÔ«×VÏçÜ/ßVéí×JÔ?°ùÏ«Ö é3ÏﬁÍÖ ÑÙbÙVÜ/Ô«×VÖ	ÝÕ×VÞã ö=ÑkÖﬁÐjÙb×bÐÔ«×VÏçåÙÑÐ%÷Ü{Þd×bÐsÝÙVÞÑkÜ{Ó-ß	Ïﬁ×
















































































































































áVôÜ/Ô«×VÖﬁÙb×'Ï«Öß	Ïﬁ×VÞ/ÙbÍÖﬁßàÏﬁ×=Û«ÓÕÍÒ«Þ/ßVéí×)ã/feÖ ÓÕ×#æs×VÝsÝÕ×JÑkÜ{ÖﬁÐsÜd×VÖ Û«ÓÕ×VéêÜ/×VÓjÞ{Ü/×VÏ ÝÕÍÏ«ÝÕ×bÐjÐÕÝxÑkÝsÜ/ÍÖﬁÐÛûÍÏ«ÓÞ/×bÐxß	Ïﬁ×VÞ{Þ/×bÐ













NÍÏ«ÓìáVôÜ{ÝÕ×VÓÞñ_ÑkÛ«Û]ÑkÓsÜ{ÝsÜ/ÍÖÔ«× Ùb×èâ×VÖ«ÓÕ× Ô«×åÛ«ÓÕÍÒ«Þ/ßVéí×)÷;ÖﬁÍÏﬁÐíÑbôÍÖﬁÐêÜ{éêÛ«Þ/áVéí×VÖàÝÕá Ï«Öﬁ× ÙbÍéêÛ]ÑkÓxÑkÜ/ÐÕÍÖ
Ô«×bÐìÐÕÜ{â)Ö]ÑkÏç+×VÖ	ÝsÓÕ×Þ/×bÐèÝsÓÕÍÜ/ÐíÛ«ÚﬁÍÝÕÍé3Ï«ÝsÜ{Û«Þ{Ü/ÙÑkÝÕ×VÏ«ÓÕÐÔ«×ÙxÚ]ÑÙVÏ«Öﬁ× Ô«×bÐøÐsÝxÑkÝsÜ/ÍÖﬁÐíÜ{éêÛ«Þ{Ü/ßàÏﬁáb×bÐøÔﬁÑkÖﬁÐìÖﬁÍÝsÓÕ×




























































Ã2d ◦ ã?ïðÍéêéí× ÍÖÈÛC×VÏ«ÝíÐñ î¶ÑkÝsÝÕ×VÖﬁÔÓÕ×)÷
Þ/×ﬃÖﬁÍéÒ«ÓÕ×¶Ô!ñ}áVôßVÖﬁ×Véí×VÖ	ÝÕÐÐÕáVÞ/×bÙVÝsÜ/ÍÖ«ÖﬁábÐ ÑkÏ«â)éí×VÖàÝÕ× ÛCÍÏ«Ó Þ/×bÐ Ò]ÑÐÑkÖ«â)Þ/×bÐ÷ÛCÍÏ«Ó Þ/×bÐÕßàÏﬁ×VÞ/Ð ÞÑÈßàÏ]ÑkÖ	ÝsÜ{ÝÕá
Ô«×éìÑkÝsÜ/ßVÓÕ×ﬃÝsÓxÑbô×VÓÕÐÕáb×ó×bÐÕÝèéíÍÜ{ÖﬁÐåÜ{éêÛCÍÓsÝxÑkÖ	ÝÕ×)ãjäRÑ´Þ{Ü{â)Öﬁ×ÓÕÍÏ«â×óÙbÍÓsÓÕ×bÐsÛCÍÖﬁÔ ù¶Ï«Ö Ñ$æ5ÏﬁÐsÝÕ×Véí×VÖàÝÔ«×ÞÑ
ÔÜ/ÐsÝsÓsÜ{Ò«Ï«ÝsÜ/ÍÖ Û]ÑkÓÏ«Öﬁ×'òÍÖﬁÙVÝsÜ/ÍÖ ×çÛCÍÖﬁ×VÖ	ÝsÜ/×VÞ{Þ/×3Ô«ábÙVÓÕÍÜ/ÐÕÐxÑkÖ	ÝÕ×)ã
 Û]ÑkÓsÝsÜ{Ó8Ô«× Ùb×VÝsÝÕ×èØﬁâ)Ï«ÓÕ×)÷ÖﬁÍÏﬁÐ8ÛCÍÏ«ôÍÖﬁÐêÙÕÚﬁÍÜ/ÐsÜ{ÓêÏ«Ö ÑkÖ«â)Þ/×åÞ{Ü{éêÜ{ÝÕ×)÷1×VÖ ÍÒﬁÐÕ×VÓsô)ÑkÖ	ÝêÞÑßàÏﬁ×VÏﬁ×øÔ«×øÞÑ
ÔÜ/ÐsÝsÓsÜ{Ò«Ï«ÝsÜ/ÍÖdãCö=ÑkÖﬁÐ-ÖﬁÍÝsÓÕ×ÙÑÐ÷]ÖﬁÍÏﬁÐ'ÑôÍÖﬁÐ'ÙÕÚﬁÍÜ/ÐsÜÔ«×ÓÕ×#æs×VÝÕ×VÓ-ÝÕÍÏﬁÐÎÞ/×bÐ'ÑkÖ«â)Þ/×bÐ-Ü{ÖòqáVÓsÜ/×VÏ«ÓÕÐ=ù
































































































































































3× 1017 ÍÓxÑkÖ«â×*÷ 1018 æsÑkÏ«Öﬁ×*÷ 3 × 1018 ô×VÓsÝ÷ 1019 Ò«Þ/×VÏ/j×VÝ 3× 1019 ×?> ôÜ/ÍÞ/×VÝã#feÖÛC×VÏ«ÝjôÍÜ{Ó
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ÛCÍ)ÐÕÐsÜ{Ò«Þ/×)~Þ/× ÓxÑkÛ«ÛûÍÓsÝÍ2§ÛûÍÏ«ÓøÞ/×bÐ·8´Û«ÓÕ×VéêÜ/ßVÓÕ×bÐ ÐsÝxÑkÝsÜ/ÍÖﬁÐåÔ«ábÙVÞ/×VÖﬁÙÕÚﬁáb×bÐ%÷ÑkÜ{ÖﬁÐÕÜÎßàÏﬁ×Þ/×ÙÑkÓsÓÕáÔ«× Ùb×bÐ
â)ÓxÑkÖﬁÔ«×VÏ«ÓÕÐ`}yÞ/×íÛ«ÓÕÍÔÏ«Ü{ÝÍ2
































cuts: <V> < 0.313 m ns











, L/W>3-1cuts: <V> < 0.313 m ns
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ÖﬁÍéÒ«ÓÕ× ×VÝíù â)ÓxÑkÖﬁÔ©ÖﬁÍéÒ«ÓÕ×Ô«×øÐsÝxÑkÝsÜ/ÍÖﬁÐ÷Ùb×VÝsÝÕ×åéíáVÝsÚﬁÍÔ«× Ñ áVÝÕá ÑkÛ«Û«Þ{Ü/ßàÏﬁáb×åÜ{ÖﬁÔ«áVÛû×VÖﬁÔﬁÑkéêéí×VÖàÝèÑkÏçÝj
ÐÕÍÏﬁÐ5ë×VÖﬁÐx×VéÒ«Þ/×bÐ-Ô!ñ}áVôßVÖﬁ×Véí×VÖàÝÕÐ=ù8ÌÐsÝxÑkÝsÜ/ÍÖﬁÐ-ÐsÏ«Ü{ôÑkÖàÝÕÐ)












Discriminant de Fisher f


















































































Þñ}×çÛûÍ)ÐsÜ{ÝsÜ/ÍÖ ÔÏ Ô«áVÝÕ×bÙVÝÕ×VÏ«Óí×bÐsÝ8ÝsÓÕßbÐ8Û«ÓÕÍÙÕÚﬁ× Ô«×åÙb×VÞ{Þ/×åÏ«ÝsÜ{Þ{Ü/ÐÕáb×åÛCÍÏ«Ó8ÞÑÞ{Ü{éêÜ{ÝÕ×åÛ«ÓÕábÙbábÔ«×VÖàÝÕ×)÷;×VÝêÙbÍÖﬁÐsÜ/ÐsÝÕ×
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y!ﬂ Ó$ﬃyë¡s/ﬃy/"=%]ﬁyëêﬁﬂ â %gê$ y/å]ﬁêå7 ê
eÏ ÝsÓxÑbô×VÓÕÐøÔ«×Þñ}áVÝsÏﬁÔ«× Ô«×bÐíÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)ÐøÔ«× Ï«Þ{ÝsÓxÑóÚ]ÑkÏ«ÝÕ× áVÖﬁ×VÓsâ)Ü/×)÷?Þñ}ÍÒﬁÐx×VÓsôÑkÝÕÍÜ{ÓÕ×W1Ü/×VÓsÓÕ×IeÏ«â×VÓè×bÐsÝ
ÐÕ×VÖﬁÐsÜ{Ò«Þ/×JÑkÏç ÐÕ×bÙVÝsÜ/ÍÖﬁÐe×54ìÙÑÙb×bÐ-Ô!ñ Ü{Ö	ÝÕ×VÓxÑÙVÝsÜ/ÍÖﬁÐÎÔÏÖﬁ×VÏ«ÝsÓsÜ{ÖﬁÍìÑô×bÙ=ÞÑ8éìÑkÝsÜ/ßVÓÕ×)÷]ù8Ô«×bÐ-áVÖﬁ×VÓsâ)Ü/×bÐ-ßàÏ«Ü!Ödñ}ÍÖ	Ý
×VÖﬁÙbÍÓÕ×ðæÕÑkéìÑkÜ/ÐjáVÝÕá'×çÛ«Þ/ÍÓÕáb×bÐ÷«×VÝjßàÏ«ÜCÞ/×'ÓÕ×bÐsÝÕ×VÓÕÍÖ	Ýj×VÖﬁÙbÍÓÕ×JÛû×VÖﬁÔﬁÑkÖàÝÏ«Ö Þ/ÍÖ«âêéíÍéí×VÖ	ÝãﬁÌÎÍÏﬁÐÐÕÍÏ«Ú]ÑkÜ{ÝÕÍÖﬁÐ
Ô«ÍÖﬁÙ éíÍÖàÝsÓÕ×VÓìß	Ïdñ Ü{Þj×bÐÕÝêÛûÍ)ÐÕÐÕÜ{Ò«Þ/× Ô!ñ}×VÖ	ôÜ/ÐxÑkâ×VÓíÞÑﬃÐÕ×VÖﬁÐsÜ{Ò«Ü{Þ{Ü{ÝÕáÔ!ñ-Ï«â×VÓèùﬃÙb×bÐêáVÖﬁ×VÓsâ)Ü/×bÐè×çÝsÓÕýVéí×bÐíÛûÍÏ«Ó
éí×VÝsÝsÓÕ××VÖ Û«ÞÑÙb×Ô«×bÐìÙbÍÖ	ÝsÓxÑkÜ{ÖàÝÕ×bÐøÞùﬃÍKmÑkÏﬁÙVÏ«Öﬁ× ÑkÏ«ÝsÓÕ××çÛCáVÓsÜ/×VÖﬁÙb× Öﬁ× ÛC×VÏ«ÝêÞ/×åòqÑkÜ{ÓÕ×)ã\~Ü/×VÖ×VÖ	ÝÕ×VÖﬁÔÏd÷
ÙbÍéêÛ«ÝÕ×JÝÕ×VÖàÏÔ«×JÞñ}áVÝxÑkÝÎÑÙVÝsÏﬁ×VÞRÔ«×bÐeÙbÍÖ«Ö]ÑkÜ/ÐÕÐxÑkÖﬁÙb×bÐÎÐsÏ«ÓjÞ/×bÐ-Öﬁ×VÏ«ÝsÓsÜ{ÖﬁÍ)ÐÎÔ«×JÏ«Þ{ÝsÓxÑêÚ]ÑkÏ«ÝÕ×áVÖﬁ×VÓsâ)Ü/×)÷]ÝÕÍÏ«ÝeÙb×bÙVÜ
×bÐsÝÝsÓÕßbÐÛ«ÓÕáVÞ{Ü{éêÜ{Ö]ÑkÜ{ÓÕ×)÷ éìÑkÜ/ÐÖﬁÍÏﬁÐ-Ûû×VÖﬁÐÕÍÖﬁÐ-ß	Ïﬁ×=Ô«×'ÝÕ×VÞ{Þ/×bÐeáVÝsÏﬁÔ«×bÐ-ÐÕ×VÓÕÍÖàÝjÛûÍ)ÐxÐsÜ{Ò«Þ/×bÐjÔﬁÑkÖﬁÐÞñ_Ñô×VÖ«Ü{Óã
äd×êÔÜ/ÐÕÛûÍ)ÐsÜ{ÝsÜõò×çÛCáVÓsÜ{éí×VÖ	ÝxÑkÞ1ÛCÍÏ«Ó=Þñ}áVÝsÏﬁÔ«×êÔ!ñ Ï«Öﬁ×êÐÕ×bÙVÝsÜ/ÍÖ ×54ìÙÑÙb×êÔ!ñ Ü{ÖàÝÕ×VÓxÑÙVÝsÜ/ÍÖ¶ÙbÍÖ	ÝsÜ/×VÖàÝÝsÓÕÍÜ/Ð=áVÞ/áë
Ä`a2h





































































































































































































N Æ  > 2.3









































































































≤ 1− α,  a ã b 
ÍKm
α = 90, 95, ...%
Ô«áVÛû×VÖﬁÔÔÏ Ö«Ü{ô×ÑkÏÔ«×JÙbÍÖØ ÑkÖﬁÙb×Ô«ábÐÕÜ{ÓÕá)ã
NÍÏ«ÓjÞñ}ábÙÑkÓsÝ5ëÝîÛC×





















































ïðÍÖ«Ö]ÑkÜ/ÐÕÐYÑkÖ	Ý Þ/×bÐåÐÕ×bÙVÝsÜ/ÍÖﬁÐå×54ìÙÑÙb×bÐ ÙbÍÏ«ÓxÑkÖ	Ý Öﬁ×VÏ«ÝsÓÕ×ﬃ×VÝåÙbÍÏ«ÓxÑkÖ	ÝÙÕÚ]ÑkÓsâá)÷ÍÖ ÛC×VÏ«ÝåÑkÞ/ÍÓÕÐåÙÑkÞ/ÙVÏ«Þ/×VÓ
Þ/×JÖﬁÍé3Ò«ÓÕ×8Ô!ñ}áVôßVÖﬁ×Véí×VÖ	ÝÕÐ

























































































































































































































































































ÔÏﬁÐ÷;Ñô×bÙ Ï«Ö áVÞ/×bÙVÝsÓÕÍÖ+Ô«× ÞÑéìÑkÝsÜ/ßVÓÕ×)ã~ïð×VÝsÝÕ×Ü{Ö	ÝÕ×VÓxÑÙVÝsÜ/ÍÖ×bÐÕÝíÐsÜ{éêÜ{ÞÑkÜ{ÓÕ×ùÞÑﬃÓÕábÐÕÍÖ]ÑkÖﬁÙb×Ô«×I'ÞÑÐsÚﬁÍ`í
νee



































































































































×bÐsÝí×VÖ ×5!×VÝíÖﬁábÙb×bÐÕÐxÑkÜ{ÓÕ×åÛCÍÏ«ÓíÞñ}áVô)ÑkÞ{Ï]ÑkÝsÜ/ÍÖ+Ô«× ÞÑÛ«ÓÕÍÒ]ÑkÒ«Ü{Þ{Ü{ÝÕá Ô«× ÙbÍÖ	ô×VÓÕÐsÜ/ÍÖ
ντ → τ ÷Ü{ÖﬁÔÜ/ÐsÛC×VÖﬁÐxÑkÒ«Þ/×




2× 1017 ×VÝ 2× 1019 ×E>÷«ßàÏ«ÜCÓÕ×VÛ«ÓÕábÐÕ×VÖ	ÝÕ×JùÞñ Úﬁ×VÏ«ÓÕ×JÑÙVÝsÏﬁ×VÞ{Þ/×'ÞÑ3éí×VÜ{Þ{Þ/×VÏ«ÓÕ×
ÙbÍÖ	ÝsÓxÑkÜ{ÖàÝÕ×3ÔﬁÑkÖﬁÐ-Ùb×JÔ«ÍéìÑkÜ{Öﬁ×JÔ!ñ}áVÖﬁ×VÓsâ)Ü/×)ã

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































eÎäFCC÷ö;äFC(Y÷ðä0j÷7f/Îä;÷ÑkÖﬁÔ ,ädö ïðÍÞ{ÞÑkÒCÍÓxÑkÝsÜ/ÍÖﬁÐ÷ÑkÖﬁÔ äFC 1Þ/×bÙVÝsÓÕÍ*í~×Ñ& O ÍÓ'&àÜ{Ö«â

















































































































































































































































































































































































































































































































































































































































































FA2 = a(A, x)AF
N
2 = a(A, x)
A
2
(F p2 + F
n
2 ) = a(A, x)
A
2



















A−0.1 x < 0.0014,
A0.069 log x+0.097 0.0014 < x < 0.04,











= P (x) = 1− 1.85x + 2.45x2 − 2.35x3 + x4.  ã 8Z
feÖ Ñ8Ô«ÍÖﬁÙ6)
FA2 = a(A, x)
A
2






























2) = cP (t)x
aP (t)










































































































































f = f1 + f2t
f3 ,
ÛûÍÏ«Óò
Õ cR, aR, bR/P
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